ABSTRACT Hole transporting layer (HTL) free organometal halide perovskite solar cells have shown great promise in simplifying device architecture, fabrication process and enhancing stability. However, the simple elimination of the HTL from the standard sandwiched configuration suffers from relatively poor device performance; additionally, the mechanism of the HTL-free perovskite solar cell is still unclear. Herein, we applied a one-dimensional modeling program wxAMPS to investigate the planar HTL-free perovskite solar cells by adjusting the absorber thickness, doping and the absorber/back contact band alignment. The simulation results reveal the importance of the moderate absorber thickness as well as the p-doping perovskite rather than intrinsic as in sandwich structure to the overall device efficiency. In the meanwhile, reducing the mismatching of the absorber/back contact by using higher work function back contact material in replacement of commonly utilized Au electrode is more favorable to improve the device performance. Through optimizing, high performance HTL-free perovskite solar cell with efficiency approaching 17% could be achieved. This study is helpful in providing theoretical guidance for the design of HTL-free perovskite solar cells.
INTRODUCTION
Organometallic lead halide perovskite (e.g., CH3NH3PbX3 (X=I, Br, Cl)) as light absorber layers plays critical roles in thin film solar cells as reported that the state-of-art perovskite solar cell (PSC) utilizing this kind of material has made extraordinary performance with highest efficiency exceeding 22.1% [1, 2] . At present, most of the highly efficient PSCs employ sandwiched architecture of electron transporting layer (ETL)/perovskite absorber/hole transporting layer (HTL), which is initially derived from the solid state dye-sensitized solar cell. Specifically, the inorganic metallic oxides (e.g., TiO2, ZnO and Al2O3) are chosen as the ETL whilst some organic polymers and molecules (e.g., spiro-OMeTAD) are introduced as HTL [3, 4] . However, due to the complex synthesis process, high fabricating cost and the low hole mobility of the spiro-OMeTAD as most commonly used HTL, its further application is inhibited [5] . Moreover, the spiro-OMeTAD layer shall lead to the electrode polarization and play critical roles in photocurrent density-voltage (J-V) hysteresis phenomenon, which will affect the device stability [6] .
Many researches are focusing on developing efficient HTL-free PSCs, which is favorable for process simplifications and cost reduction. Li et al. [7] reported an HTL-free device demonstrating unobvious J-V hysteresis with a remarkable efficiency of 16%. However, it still remains hard to facilely fabricate highly efficient devices and the demonstrated efficiency is mostly among 10%-12% [8] [9] [10] . And the reason why the HTL can be eliminated is not understood completely.
To have a better understanding of the HTL-free device operation mechanism and provide guidance for the device design with optimized efficiency, the one-dimensional simulator wxAMPS developed by Nankai University [11] is used for modeling the HTL-free PSC. This platform has been successfully used for simulating and understanding the mechanism of inorganic solar cells such as silicon, CdTe, Cu(In,Ga)Se2 (CIGS). Since the PSC is recognized to employ the p-n junction and the exciton in the perovskite material is typical Wannier-type, which is in analogy to that of Si and CIGS [12] , thus this simulation software can be applied for modeling of the perovskite solar cell. To our knowledge, there have been several modeling works on the standard planar perovskite devices [12, 13] ; however, the investigation of characteristics of the HTL-free solar cells is still in lack. In our modeling, first, the reliability of the device modeling was verified by simulating the standard planar PSC in comparison with the real device. Then we investigated the HTL-free device by simply eliminating the HTL in the standard structure. As an approach to understand the operation mechanism of HTL-free PSC for the device optimization, the effects of the absorber thickness, doping and the band gap alignment between the absorber and the metal back contact were examined.
DEVICE SIMULATION PARAMETERS
In the simulation, the standard sandwiched planar PSC in configuration of TiO2/MAPbI3/spiro-OMeTAD was simulated first as a baseline to verify the effectiveness of our approach. The HTL-free device was obtained with simply removal of the spiro-OMeTAD layer. Their schematic architectures are shown in Fig. 1a . Table 1 summarizes the basic device physical parameters for the simulation, most of which were selected from recent reported experimental works. The AM1.5 solar radiation spectrum was adopted as the light source and illuminated from the TiO2 side. The front contact is FTO with the working function set to be −4.4 eV, and the back contact Au set to −5.1 eV. Surface recombination rates of both the front and the back were set to 1×10 7 cm s −1 . Energy levels of defects in the simulated thin film materials were located at the center of their bandgap with the Gaussian-type energetic distribution (characteristic energy 0.1 eV). The absorption coefficient of the perovskite layer was derived from Ref. [14] . [15] . In comparison, the HTL-free device is inferior in terms of the major photoelectric properties to the standard one. The simple elimination of the HTL layer based on the standard perovskite solar cell leads to a relatively poor device performance, hence, further optimization is required. [22] In the following, the effects of the absorber thickness, doping densities and the band alignment between the absorber and the metal contact on the HTL-free PSC are discussed.
RESULTS AND DISCUSSION

Effect of the absorber thickness
As a key part of PSC sited by light absorption and carrier generation, the perovskite absorber takes the dominance in determining the solar cell performance. Hence as the first step to better understand the working characteristics of the HTL-free device, we investigated the device performance as a function of the MAPbI3 thickness, as shown in Fig. 2a . When the thickness of the MAPbI3 is changed from 300 to 700 nm, the short-circuit density (Jsc) and the open voltage (Voc) both show a slight increase then gradually saturate to a plateau (~21.82 mA cm −2 and 0.75 V, respectively). And the value of the fill factor (FF) also gets enhanced. An efficiency of more than 13% is obtained when the thickness reaches 700 nm, which is increased approximately 2% compared to the original thin absorber film. This variation is ascribed to the more induced photo-electrons as a result of the enhanced light absorption. It is indicated by Fig. 2b that the calculated quantum efficiency characteristics show an overall enhancement in the visible spectrum region with the increasing thickness of MAPbI3 film. Since the photocurrent (Jph) can be expressed as [23] 
where e represents the electron charge, Φ(λ) is the spectral photon flux under AM 1.5, therefore the Jsc elevates because more free carriers are converted from photos and collected by the electrode. The simulation result indicates the design of much thicker absorber in HTL-free perovskite solar cell for better light harvesting, which is in accordance with the trend of the experimental result by Zhang et al. [24] who got higher efficiency of TiO2/perovskite heterojunction device when increasing the film thickness from 190 to 630 nm. Actually, the organic metal halides possesses ambipolar carrier transport property thus it can act also as excellent hole conductor, which is supported by many reports that the diffusion length in the active layer could exceed more than 1 μm [25, 26] . Hence, relatively thick absorber layer will not cause bad recombination effect before the carriers travel through the absorber layer and reach the collecting electrodes. However, it should also be noted that the absorber thickness of the reported HTL-free cells is generally lower than the optimal simulated, which could be possible due to the pin-hole formation and more defects distribution during spinning thicker perovskite layer. But with optimized processing, higher quality thick perovskite film can be prepared for fabrication of high-efficiency HTL-free PSC.
Effect of the absorber doping
The absorber doping is another important factor in determining the property of PSC. Standard sandwiched PSC typically employs n-i-p structure, in which ETL, perovskite layer and HTL demonstrate n-type, i-type, and p-type characteristics, respectively. However, the HTL-free device demonstrates the heterojunction structure, therefore we consider the perovskite absorber with intrinsic property that is commonly used in standard device is not suitable for HTL-free device and proper doping of absorber is more favorable. Here, by setting the perovskite to be p-type doping, the effect of the absorber doping density on the HTL-free device characteristic is explored. Fig. 3 displays the parameters of the HTL-free PSCs with different absorber thickness as a function of absorber doping density. It can be seen that the efficiency (Voc, Jsc or FF) curves with different absorber thickness unanimously show the same variation trends, hence the thickness factor will not affect the functional relationship between the absorber doping and performance parameters. The strong effect of the doping density is observed on Voc, which is the key factor to affect efficiency here. As Fig. 3b shows, when the doping is less than 1×10 15 cm −3 , there is no evident change of Voc value, this is because of the relatively low doping density which does not change the intrinsic property of the absorber. But with doping increasing, for example, from 1×10 16 cm −3 to 1×10 18 cm −3 , the Voc gets significantly enhanced. Similar tendency is also indicated by efficiency and FF curves in Fig. 3a and Fig. 3d , respectively. The dependence of higher Voc consequently enhanced efficiency on heavier absorber p-doping correlates with the intensified built-in electric field (VD) between the TiO2/MAPbI3 interface, as shown in Fig. 4a . In heterojunction structure, VD is described by
where kB is the Boltzmann constant, T is the ambient temperature, q is the electron charge, Na is the acceptor density, Nd is the donor density, and ni is the intrinsic carrier density. Since the VD is positively related to the Na, the heavier absorber p-type doping could lead to higher VD value, which shall exert effect on Voc. However, the increase in doping could simultaneously induce large bulk recombination within the absorber layer (Fig. 4b) , accordingly sacrificing the Jsc value (Fig. 3c) . Therefore, to get a balanced Voc and Jsc with moderate efficiency of HTL-free device, we recommend the absorber to be heavily p-doped rather than intrinsic like in standard cell, and the doping density is better among the range of 1×10 16 to 1×10 17 cm −3 .
Effect of the band alignment between the absorber and the metal contact As reported by Minemoto et al. [27] that the HTL in standard PSC can work as a buffer for the perovskite/metal contact, the removal of HTL could cause the band mismatching and influence the device performance. For the reference HTL-free device simulated in Fig. 1b , there is a relatively large valence band offset (△Ev) of −0.35 eV between the valence band of the absorber (Ev-absorber) and the work function of the metal (Φ) (here Ev-absorber is −5.45 eV, Φ is −5.1 eV and ∆Ev = Ev-absorber − Φ), which could possibly exert bad effect on the device. Here, we adjusted the ∆Ev value in a wide range from −0.35 to 0.2 eV to study the impact of the △Ev on the performance of the HTL-free solar cell and tried to search a proper band offset to optimize the device efficiency. In the following calculation, the thickness and doping of the absorber were set to be 700 nm and 1×10 17 cm −3 , respectively, which were the optimized values adjusted above; and the variation of ∆Ev was simulated through changing Φ. Fig. 5b shows the impact of the ∆Ev on the performance of the HTL-free solar cell. Here, the positive/negative values of ∆Ev mean the Ev-absorber is shallower/deeper than Φ. It can be seen that when the Ev-absorber is much deeper than Φ, namely ∆Ev ＜ 0, there is a rather inferior efficiency for the device. We attribute this to the formation of Schottky junction at the absorber/metal interface as depicted in Fig. 5a that there is a slight shift down of the absorber band adjacent to the metal. But when the Ev-absorber is almost equal to or slightly shallower than Φ, an up-shift band formed at the interface is energetically favorable for the hole transporting to metal, thus the energy loss is reduced. The highest efficiency approaching 17% is obtained at ∆Ev = 0.05 eV and the optimal range of ∆Ev is −0.1-0.2 eV. This simulation reveals the importance of raising Φ value to improve the mismatching of the absorber/back contact interface and then increase the HTL-free device performance. Therefore, the commonly used Au electrode in standard perovskite solar cell is not an ideal choice for HTL-free device due to the relatively small Φ which shall cause large ∆Ev. The choice of high work function back contact material is required to realize the perovskite/back contact band alignment.
CONCLUSION
The device simulation of the planar HTL-free PSC was performed using one-dimensional wxAMPS software. Several factors including the impacts of the absorber thickness, doping densities and the band alignment between the absorber/metal contact on the device performance were investigated. The simulation results reveal that 1) relatively thick absorber layer is required to increase overall device efficiency as a consequence of the light absorption enhancement; 2) the absorber shall be heavily p-type doped in HTL-free device rather than intrinsic as in standard configuration to elevate the charge separation capacity; 3) improving the mismatching of the absorber/back contact is important to enhance the device performance. The commonly used Au electrode in standard perovskite solar cell is not an ideal choice for HTL-free device. The choice of high work function back contact material is necessary to realize the perovskite/back contact band alignment. Notably, an efficiency above 17% is achieved for HTL-free perovskite solar cell with optimized parameters. This study will lead better understanding of the operation mechanism of the HTL-free PSC and favorable for its further efficiency improvement.
